The bacteriocin from Pseudomonas aeruginosa, pyocin, consists of a contractile sheath and inner core reminiscent of T-even coliphage tails. Contraction of the outer sheath was found to be promoted by 0.5 M magnesium chloride, 1 % Formalin, low pH, sonic treatment, and freezing or thawing or both. The contraction caused by 0.5 M magnesium chloride, however, was found to be reversible and occurred upon reduction of the salt concentration from 0.5 to 0.02 M. In addition, direct assay showed that pyocin activity was nearly proportional to the percentage of only uncontracted forms. Initial studies suggested that the adsorption of purified pyocin onto cell wall fragments from the sensitive indicator strain of P. aeruginosa occurs with the relaxed particle only and not with the contracted form. However, after adsorption, contraction occurred. Various morphological structures, such as tail fibers and base-platelike appendages, were also observed. Upon contraction, six tail fibers were observed on many particles, four of which appeared to originate from the sheath and two from the inner core. Polysheaths and polycores several hundred nanometers in length were also occasionally observed.
Pyocin, a bacteriocin of Pseudomonas aeruginosa, was first described by Jacob (15) , who showed its synthesis was inducible by irradiation with ultraviolet (UV) light. Studies by Ishii et al. (14) and Higerd et al. (2, 11) indicated that one type of pyocin (13) closely resembles the T-even coliphage tails in size and morphology and con* sists of a contractile sheath and inner core (6, 18, 19, 20) . However, some confusion arose over the basic structure of the pyocin particle since it was described in both the contracted (3, 8, 11, 12, 14) and uncontracted (2, 12, 14, 16) state. In addition, neither has it been established whether both forms are biologically active, nor have the conditions responsible for producing each state been described. Consequently, it is the purpose of this paper to describe the fine structure of both morphological forms and the conditions leading to these changes and to attempt a correlation between bacteriocin activity and structural changes. Previously undescribed pyocin structures such as polysheaths and polycores are also presented herein.
MATERIALS AND METHODS Organisms. P. aeruginosa strain W, served as the sensitive indicator strain for the titration of pyocin I Predoctoral fellow of the National Institutes of Health (3F1 -GM-36, 556-01S2).
produced by UV-induced pyocinogenic strain C9(AP).
Medium. The composition of the growth and titration medium consisted of 2% tryptone, 1% glucose and 0.5% sodium chloride.
Pyocin production and assay. The production, assay, and purification of pyocin was the same as previously described (11) .
Contraction studies. Solutions of purified (uncontracted) pyocin particles (11) were subjected to various chemical and physical treatments in order to ascertain their effect on contraction as observed in the electron microscope. The pyocin solutions were added to the appropriate chemicals and the mixtures were incubated for 30 min at 37 C. In all cases, the chemicals were dissolved in 0.02 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 7.5). The optimal magnesium concentration for maintenance of the uncontracted form was determined by varying the cation concentration from 0.001 to 0.5 M in the Tris-hydrochloride buffer.
To determine whether or not contraction was reversible, two approaches were employed: (i) a suspension of contracted pyocin particles in the Trishydrochloride buffer containing 0. Cell wail adsorption studies. Cell walls of P. aeruginosa strains Cg(AP-) and Ws were prepared by sonic treatment and differential centrifugation by the method of Salton (22) . Diluted solutions of pyocin were incubated with the cell wall fragments from the sensitive indicator strain Wg for various time intervals at 37 C. The mixture was then stained and observed with the electron microscope to determine whether adsorption had occurred. Since strain C9(AP-) did not readily adsorb its own pyocin, cell walls of this strain were used as the control.
Negative staining and electron microscopy. Negative-contrast methods (1, 5, 10, 23) already described for the study of ultrastructures of virions were employed in the study of pyocin. Uranyl acetate (0.5%; Baker Chemical Co., Philadelphia, Pa.) containing 0.005% uranyl magnesium acetate (K & K Laboratories, Hollywood, Calif.) was used as the negative stain. Grids were examined with a turbo-molecular pumped (25) RCA EMU-3H electron microscope at an instrumental magnification of 32,000 diameters and an operating voltage of 50 kv. At least 1,000 particles were observed from a minimum of three distant grid areas of a homogeneous, nonaggregated lawn for the determination of particle counts used in the estimation of percentage of uncontracted forms. RESULTS Initial studies were designed to clarify the reason for the appearance of two different structural forms of pyocin (relaxed and contracted) as observed by a number of investigators (2, 3, 8, 11, 12, 14, 16) . Consequently, various chemical and physical treatments were performed on both relaxed and contracted forms. As can be seen in Table 1 , contraction of the outer sheath occurred in about 50% of the observed particles when the molarity of magnesium chloride was increased from 0.02 (96% uncontracted) to 0.5 M. Also, contraction of all visible particles occurred with the fixatives 1 % Formalin or 1 % osmium tetroxide (OSO4), but not with 1 % glutaraldehyde. In addition, low pH (2.0), sonic treatment, and freezing or thawing or both also triggered contraction. All of these results were compared to the near-homogeneous preparations of relaxed particles obtained with 0.02 M magnesium chloride as the suspending medium.
Since 0.02 M, but not 0.5 M, magnesium chloride solutions were able to stabilize the particles in the relaxed state, the optimal concentration of the cation necessary for establishment of relaxation was determined over a wide range (0.001, 0.02, 0.05, 0.10, and 0.5 M). As shown in Table 2 , (-60 C) , the sample retained its original pyocin activity. With the electron microscope, it could be seen ( Table 4 ) that the inactive frozen preparations were also in the contracted state. Those pyocin samples frozen in DMSO or glycerol did not lose their original activity, and the particles were found to be in the relaxed form. However, when purified pyocin preparations in the Trishydrochloride buffer were submitted to a fast freeze in an acetone-dry-ice bath, the particles formed rosette clusters (Fig. 3) .
In an attempt to better understand the biological nature of the relaxed and contracted forms of pyocin, we added solutions of the bacteriocin to purified cell wall preparations of sonically treated pyocin-sensitive P. aeruginosa strain Wg . Figures 4 and 5 show the non-adsorption and adsorption of pyocin to the cell wall Tables 1-3, fragments, respectively. Adsorption to the cell wall fragments of the sensitive indicator strain by pyocin occurred at the flattened end of the particle containing the tail fibers and base plate ( Fig. 4 and 5). Within 1 min after adsorption of relaxed particles to the cell walls a contraction of the outer sheath was observed.
However, the freezing or thawing or both of the solutions of pyocin contracted the outer sheath and rendered the particles incapable of adsorption to the cell walls. Those particles frozen in DMSO or glycerol were found to be capable of adsorption. Adsorption studies concerning attachment of the bacteriocin to the cell walls of pyocin-producer strain C9 indicated little or no adsorption, and the particles remained relaxed (Fig. 4) .
Previous morphological studies of pyocin (2, 3, 11, 12, 14, 16) indicated the similarity of the bacteriocin particle to the contractile tail protein of the T-even coliphages. With the turbo-molecular pump modification (25) of the electron microscope, a variety of small pyocin structures are evident. Figure 1 depicts the homogeneity and fine structure of the particles as they appeared in the relaxed state. Although tail fibers are discernible in this micrograph, Fig. 6A displays these fibers more prominently. Six tail fibers can be observed on the relaxed particle; four fibers are radially arranged, the fifth appears to be wrapped around the sheath and the sixth can be seen lying above the particle. This particle also exhibits helical striations which form a 45-degree angle with the particle axis. A pointed tip can be seen in Fig. 6B similar to the appendage described by Coetzee et al. (7) in the Proteus bacteriocin system.
Terminal fiber knobs have been occasionally observed (Fig. 7) on both the contracted and relaxed forms of the particle. On contracted forms, usually two fibers can be observed attached to the inner core with presumably four fibers remaining on the contracted sheath. On rare occasions, a base-platelike structure was seen (Fig. 8) . When this was observed, the structure (a) appeared to be the origin of more than two fibers and no fibers were seen on the contracted sheath. In addition, cores devoid of the outer sheath (b) exhibiting approximately 22 predominant cross striations and small ringlets (c) are frequently observed.
Larger ringlets (Fig. 9) were observed after particle degradation and appeared to be portions of the outer sheath (11, 14) . Six pairs of subunits were discernible.
Polysheaths and polycores exceeding 1 ,um in length were frequently observed in older purified preparations. Figure 10 displays a polysheath composed of a series of individual empty, contracted sheaths. Highly-flexible polycores can be seen in Fig. 11 . The biological significance, if any, of either polysheaths or polycores is unknown.
In Fig. 12 , a schematic summary of the various morphological forms and structures seen in electron micrographs of pyocin is presented; these consisted of a contracted particle, a lock-washer ringlet, and two forms of relaxed particles differing in size and striations. These two forms were frequently seen together in the same preparation. Whether these two forms are truly two distinct particles, the same particle altered by the purification or staining procedure, or just a visual artifact remains to be studied. However, Homma et al. (12) have recently reported the production of three distinct types of pyocin by one strain of P. aeruginosa. DISCUSSION Previously, electron micrographs depicting the structure of pyocin particles consisted of either the contracted (3, 8, 11) or relaxed (16) form of the particle. Several authors (2, 14) obtained both forms, by chance, but the conditions leading to the contraction or relaxation of the particles were not examined. In addition, it was not known whether pyocin activity was associated with both forms. Previously, the use of Formalin as part of the staining procedure (11) was thought to account for the contracted state of the particles.
However, by removal of the Formalin and supplementation of these preparations with 0.02 M magnesium chloride, relaxation of the outer sheath was obtained. Present studies suggest that the relaxed form of the particle may be the native state since activity and cell wall adsorption were demonstrable only with particles in the relaxed state. However, it should be noted that, although a dilution change of magnesium chloride concentration from 0.5 to 0.02 M can yield relaxed particles, prolonged dialysis against 0.02 M magnesium chloride resulted in an increase of ccontracted forms. This may have been due to a loss of some structural component of pyosin, such as adenosine triphosphate, calcium ions, etc., which could be responsible for maintaining the structural integrity of pyocin. In addition, contraction was irreversible if the bacteriocin was frozen and thawed in the absence of stabilizing agents (11) . Consequently, adsorption onto sensitive cell wall fragments was unable to occur.
Of particular interest in the present study is the striking morphological similarity of pyocin particles to bacteriophage tails. The presence of six tail fibers, cross striations, and base plates on the double hollow cylindrical particles is especially reminiscent of the tail protein of the T-even coliphages (17) . Also, in a recent study, Bradley and Robertson (4) have observed similar fibers and base plates on a contractile Pseudomonas phage. These observations give support to the concept that pyocin is a phage-related structure such as a defective or incompletely synthesized phage particle.
The arrangements of the fibers on the relaxed and contracted forms differ. All six fibers on the relaxed form emanate from the distal end of the particle, but contracted particles lacking the base plate exhibit only two fibers on the end of the naked inner core with several fibers from the contracted sheath detectable. When a base plate was observed on the contracted particle, it remained attached to the distal end of the naked inner core, and the fibers were seen originating only from this structure. When inner cores were found free of the sheath, they possessed two filaments. Whether these filaments are the same two fibers described in contracted particles lacking the base plate is not clear. However, similar structural appendages have also been observed by Coetzee et al. (7) with Proteus bacteriocin preparations. Occasionally, 1-nm knobs on the distal end of the fibers have also been observed in our preparations. Whether these appendages are native to the particle or are remnants of cellular debris, such as cell wall receptor material, is not presently known.
Another similarity of pyocin to bacteriophages is the rosette formation previously described by Bradley and Robertson (4), as well as by Kellenberger and Boy de la Tour (17) using P. aeruginosa phage and coliphage, respectively. In our study, we have observed rosette formation of pyocin particles only when the bacteriocin preparations were subjected to a fast freeze. The fibers are presumably interconnected in such a way as to produce this arrangement. However, it is not clear whether the complete and irreversible loss of activity can wholly be attributed to interconnection of the fibers.
Another phage-related structure frequently noted in certain preparations is the presence of knobby ringlets. These structures are of two different diameters, 6 and 20 nm, and correspond to the same diameter as the inner core and outer sheath, respectively. These ringlets appeared to have an opening giving the structure the appearance of a "lock washer." These results suggest that pyocin particles are structurally composed of a series of ringlets which result in the formation of hollow cylinders. Moreover, if the ends of cylinders (cores and sheaths) have this same 1388 J. BACrERioL. 
